Introduction
============

Chronic inflammation is involved in the pathological processes of various bone diseases including ankylosing spondylitis, osteoporosis, periodontitis and peri-implantitis ([@b1-mmr-22-02-1017]--[@b3-mmr-22-02-1017]). In these inflammatory bone diseases, impaired osteoblast differentiation and bone formation significantly contribute to the imbalanced bone metabolism ([@b4-mmr-22-02-1017]). As a pleiotropic proinflammatory cytokine, tumor necrosis factor-α (TNF-α) is regarded as one of the major factors in the regulatory network of bone-related inflammatory diseases ([@b5-mmr-22-02-1017]). On binding to its receptors, TNF-α activates sequential signaling cascades and promotes the nuclear translocation of NF-κB, which subsequently mediates the transcription of the downstream target genes ([@b6-mmr-22-02-1017]). (E)3-\[(4-methylphenyl)-sulfonyl\]-2-propenenitrile (BAY 11-7082), is an irreversible inhibitor of TNF-α-induced IκB-α phosphorylation, and is widely used to inactivate NF-κB signaling ([@b7-mmr-22-02-1017]--[@b10-mmr-22-02-1017]). TNF-α displays contradictory and complex effects on osteoblast differentiation and bone formation, depending upon the local microenvironment and concentration of TNF-α ([@b4-mmr-22-02-1017],[@b11-mmr-22-02-1017]). The regulatory effect of TNF-α on bone formation can be, at least in part, mediated by its inhibitory effect on the canonical Wnt signaling ([@b12-mmr-22-02-1017]). The canonical Wnt signaling actively participates in the regulation of osteoblast proliferation, apoptosis and differentiation, and the genetic deletion of β-catenin results in the absence of skeletal structures and the arrest of osteoblast differentiation ([@b13-mmr-22-02-1017]). As one of the extracellular antagonists of canonical Wnt signaling, Dickkopf WNT signaling pathway inhibitor 1 (DKK1) inactivates canonical Wnt signaling and disrupts osteogenic differentiation by binding to the receptors of Wnt proteins ([@b14-mmr-22-02-1017]). As a result, DKK1 serves a pivotal role in sustaining proper skeletal homeostasis and regulating bone remodeling. In estrogen deficiency-induced osteoporosis, TNF-α was revealed to suppress bone formation *via* suppression of Wnt/β-catenin signaling ([@b15-mmr-22-02-1017]). In addition, the inhibitory effect of TNF-α on canonical Wnt signaling can be mediated by enhanced expression of the Wnt antagonists DKK1 and sclerostin (SOST) ([@b16-mmr-22-02-1017]).

MicroRNAs (miRNAs) are a group of small non-coding RNAs that post-transcriptionally regulate gene expression by binding to specific sequences in the 3′UTR of target genes and induce either translational repression or cleavage of the target mRNAs ([@b17-mmr-22-02-1017]). Studies have revealed that miRNAs are key regulators in mediating TNF-α-induced inflammatory responses. For example, miR-218 has been revealed to target tumor necrosis factor receptor 1 (TNFR1) and suppress the NF-κB signaling pathway ([@b18-mmr-22-02-1017],[@b19-mmr-22-02-1017]). TNF-α was also revealed to enhance the expression of miR-23b and miR-33a-5p, which in turn downregulated the levels of Runt-related transcription factor 2 (Runx2) and special AT-rich sequence-binding protein 2 (SATB2), respectively, and therefore hindered osteogenic differentiation ([@b20-mmr-22-02-1017],[@b21-mmr-22-02-1017]). miRNAs also actively participate in the crosstalk between canonical Wnt signaling TNF-α signaling ([@b2-mmr-22-02-1017],[@b22-mmr-22-02-1017]). In human fetal osteoblastic cells, miR-29a activated the canonical Wnt signaling by targeting Wnt antagonists DKK1 and GSK3β, and the downregulation of miR-29a by TNF-α indicated that miR-29a plays a role in TNF-α-mediated osteogenic inhibition ([@b22-mmr-22-02-1017]). In our previous studies, it was determined that miR-335-5p activated Wnt signaling and promoted osteogenic differentiation by downregulating the protein levels of DKK1 ([@b13-mmr-22-02-1017],[@b23-mmr-22-02-1017]). However, it remains to be elucidated whether the post-transcriptional regulation of DKK1 by miR-335-5p also plays a role in an inflammatory microenvironment.

To investigate the effect of TNF-α on the post-transcriptional regulation of DKK1 by miR-335-5p in MC3T3-E1 murine osteoblast-like cells and primary calvarial osteoblasts, the effect of TNF-α on the mRNA and protein levels of DKK1 in these cells was investigated. The expression levels of miR-335-5p upon TNF-α stimulation were then determined. Changes in the functions of miR-335-5p in an inflammatory microenvironment were also evaluated. It was determined that although TNF-α treatment exhibited cell-specific effects on DKK1 mRNA expression, the stimulation of TNF-α time- and concentration-dependently upregulated the protein levels of DKK1, indicating that TNF-α treatment played an important role in the post-transcriptional regulation of DKK1 expression.

Materials and methods
=====================

### Animals

C57BL/6 mice (6 male and 6 female, 4--6-day-old, weight 2--4 g), were obtained from Shandong University Laboratory Animal Center (Jinan, China). The animals were immediately sacrificed for getting primary calvarial osteoblasts. The animals were used in accordance with the guidelines developed by the Animal Care and Use Committee of the School of Dentistry, Shandong University (<https://www.qlyxb.sdu.edu.cn/info/1103/4118.htm>; SDYZ-\[2018\]-06) Jinan, China. Ethical approval for the animal experiments was obtained by The Medical Ethics Committee of the School of Stomatology, Shandong University (protocol no. 20180602).

### Cell culture and reagents

MC3T3-E1 murine osteoblast-like cells were purchased from the Cell Bank of Chinese Academy of Sciences. The cells were maintained in α-minimum essential medium (α-MEM; HyClone; GE Healthcare life Sciences) containing 10% (v/v) fetal bovine serum (FBS; Biological Industries), 100 U/ml penicillin and 100 µg/ml streptomycin (both from Beijing Solarbio Science & Technology Co., Ltd.). As previously described ([@b13-mmr-22-02-1017]), primary calvarial osteoblasts were isolated from C57BL/6 mice by enzymatic digestion and cultured in the same medium as that used for MC3T3-E1 cells.

Briefly, the calvaria bone was isolated from 4-6-day-old C57BL/6 mice, gently separated and cut into small pieces. The tissue was then digested with 0.1% type I collagenase and 0.25% trypsin at 37°C for 20 min. The digestion procedure was repeated 5 times, and cell suspensions of the last 4 digestions were collected. The cells were centrifuged (500 × g, 10 min, 20°C), re-suspended and cultured in a 37°C sterile incubator containing 5% CO~2~.

Recombinant murine TNF-α was purchased from PeproTech, Inc. BAY 11-7082 was obtained from Beyotime Institute of Biotechnology.

To assess whether DKK1 and miR-335-5p participate in the effects of specific inflammatory stimuli, MC3T3-E1 cells and primary calvarial osteoblasts were exposed to TNF-α for different time-points and concentrations. For time-response assay, cells were exposed to 15 ng/ml TNF-α for 0, 12, 24 and 48 h. For concentration-response assay, cells were treated with TNF-α (0, 15 or 50 ng/ml) for 48 h. For signal pathway investigation, TNF-α (15 ng/ml) was added to the medium with or without the NF-κB signal pathway inhibitor BAY11-7082 (1 µM) for 48 h.

### Reverse transcription-quantitative (RT-q)PCR

Following the manufacturer\'s instructions, total RNA was extracted from cells (1×10^6^) using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and reverse-transcribed into cDNA using PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara Bio, Inc.). RT-qPCR was performed using the LightCycler480 SYBR Green I Master mix (Roche Diagnostics) on a Roche 480 Lightcycler (Roche Diagnostics). The thermocycling conditions were 94°C for 5 min, followed by 40 cycles of 95°C for 10 sec, 60°C for 20 sec and 72°C for 20 sec. The primer sequences were: DKK1, forward: 5′-CTCATCAATTCCAACGCGATCA-3′ and reverse: 5′-GCCCTCATAGAGAACTCCCG-3′; GAPDH, forward: 5′-AGGTCGGTGTGAACGGATTTG-3′ and reverse: 5′-TGTAGACCATGTAGTTGAGGTCA-3′ (synthesized by Invitrogen; Thermo Fisher Scientific, Inc.). The relative gene expression levels were evaluated by the 2^−ΔΔCq^ method ([@b24-mmr-22-02-1017]), with GAPDH serving as an internal control. Each sample was prepared in triplicate, and each experiment was repeated at least three times.

### Western blot analysis

Whole protein lysates were extracted from cells with Radio Immunoprecipitation Assay (RIPA) lysis buffer (Beijing Solarbio Science & Technology Co., Ltd.) containing 1% phenylmethanesulfonyl fluoride (PMSF; Beyotime Institute of Biotechnology) The concentrations of the protein lysates were determined using the BCA Protein Assay kit (Beyotime Institute of Biotechnology). The protein lysates were then mixed with 5X loading buffer (Beyotime Institute of Biotechnology) at 100°C for 5 min, and 25 µg protein from each sample were run on 10% sodium dodecyl sulfate polyacrylamide electrophoresis gel (Beyotime Institute of Biotechnology) and electrotransferred to polyvinylidene fluoride membranes (Invitrogen; Thermo Fisher Scientific, Inc.) for 1 h at 100 V. After blocking in 5% nonfat-dried milk (BD Biosciences) for 1 h at room temperature, the membranes were then incubated with primary antibodies overnight at 4°C according to the manufacturer\'s instructions. Mouse monoclonal anti-DKK1 antibody was purchased from Abcam (1:1,000; product code ab61275), and mouse monoclonal anti-β-actin antibody was purchased from OriGene Technologies, Inc. (1:1,000; cat. no. TA-09). Horseradish Peroxidase linked (HRP-linked) anti-mouse GAPDH antibody (1:20,000; cat. no. HRP-60004) was purchased from ProteinTech Group, Inc. Blots were stripped and reprobed with HRP-labelled goat anti-mouse IgG (H+L) antibody (1:10,000; cat. no. ZB-2305, OriGene Technologies, Inc.) and HRP-linked anti-mouse GAPDH antibody (1:20,000; cat. no. HRP-60004, ProteinTech Group, Inc) to monitor protein loading. Protein bands were visualized using the Chemiluminescent HRP Substrate (EMD Millipore) on an ECL detection system (SmartChemi 420; Beijing Sage Creation Science Co., Ltd.) with β-actin or GAPDH serving as an internal control. The relative intensity of each protein band was evaluated using the ImageJ software package v.1.6.0 (National Institutes of Health).

### RT-qPCR for miRNA analysis

Total RNA was extracted from cells (1×10^6^) using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and the miRNA was reverse-transcribed into cDNA using the Mir-X™ miRNA First-Strand Synthesis kit (Takara Bio, Inc.). RT-qPCR was conducted using the SYBR Premix Ex TaqTMII kit (Takara Bio, Inc.). on the aforementioned Roche 480 Lightcycler according to the manufacturer\'s instructions. The thermocycling conditions were 95°C for 15 sec, followed by 40 cycles of 95°C for 5 sec, 60°C for 20 sec and then 95°C for 5 sec, 55°C for 30 sec. The primer sequences were: U6, 5′-GGAACGATACAGAGAAGATTAGC-3′ and 5′-TGGAACGCTTCACGAATTTGCG-3′; miR-335-5p: 5′-TCAAGAGCAATAACGAAAAATGT-3′ (synthesized by Invitrogen; Thermo Fisher Scientific, Inc.). The mRQ universal primer was obtained using the aforementioned Mir-X™ miRNA First-Strand Synthesis kit. The relative miR-335-5p expression level was calculated using the 2^−ΔΔCq^ method ([@b24-mmr-22-02-1017]), with U6 serving as an internal control. Each sample was prepared in triplicate, and each experiment was repeated at least three times.

### Cell transfection and luciferase assay

The luciferase reporter construct encoding the 3′UTR of murine DKK1, pMIR-REPORT-DKK1 UTR, was a gift from Dr Jake Chen (Tufts University, Boston, MA, USA) ([@b13-mmr-22-02-1017]). For transient transfection, MC3T3-E1 cells were cultured in 12-well plates at a density of 5×10^4^cells per ml overnight, and co-transfected with 900 ng pMIR-REPORT-DKK1 UTR and 100 ng pRL-TK Vector (Promega Corporation) using Lipofectamine^®^ 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Cells co-transfected with pMIR-REPORT (900 ng) and pRL-TK (100 ng) served as controls. Then, 6 h after the co-transfection, the transfection complex was removed and the cells were cultured with fresh, normal medium for another 12 h. Then after exposure to TNF-α for different time-points and concentrations, the cells were harvested and the luciferase levels were monitored using the Dual-Luciferase Assay System (Promega Corporation) on a Centro xs3 LB960 luminometer (Berthold Technologies). The firefly luciferase activity was normalized to the *Renilla* luciferase activity. Transfected MC3T3-E1 cells were also treated with or without 15 ng/ml TNF-α and/or 1 µM BAY 11-7082 for 48 h, with untreated cells serving as negative controls, and then the cells were harvested and the luciferase levels were also determined.

pMIR-REPORT-DKK1 UTR and pRL-TK were also co-transfected into the MC3T3-E1 cells with the mmu-miR-335-5p mimic or mirVana™ miRNA Mimic Negative Control \#1 according to the manufacturer\'s instructions (30 nM; Ambion; Thermo Fisher Scientific, Inc.). Following treatments with TNF-α, the cells were harvested and the luciferase levels were determined as previously described.

### Statistical analysis

All results are presented as the mean ± SEM for at least three replicates. One-way analysis of variance (ANOVA) test with post hoc contrasts by Student-Newman-Keuls test or Student\'s t-test was used to test the statistical significance using the SPSS 16.0 Software Package (SPSS, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### TNF-α exhibits different effects on DKK1 mRNA expression in different osteoblast lineage cells

MC3T3-E1 cells and primary calvarial osteoblasts were treated with TNF-α for different time durations, and the mRNA levels of DKK1 were determined using RT-qPCR. It was determined that the DKK1 mRNA levels exhibited a time-dependent decrease by TNF-α treatment in MC3T3-E1 cells, while those in primary calvarial osteoblasts exhibited a time-dependent increase ([Fig. 1A](#f1-mmr-22-02-1017){ref-type="fig"}).

MC3T3-E1 cells and primary calvarial osteoblasts were cultured with different concentrations of TNF-α and the mRNA expression of DKK1 then determined by RT-qPCR. It was revealed that in the MC3T3-E1 cells, the DKK1 mRNA levels demonstrated a concentration-dependent decrease upon TNF-α stimulation, while those in the primary calvarial osteoblasts exhibited a concentration-dependent increase ([Fig. 1B](#f1-mmr-22-02-1017){ref-type="fig"}).

### TNF-α plays a role in the post-transcriptional regulation of DKK1 in both osteoblast lineage cells

MC3T3-E1 cells and primary calvarial osteoblasts were then treated with TNF-α for different concentrations and duration, and the protein levels of DKK1 were determined using western blotting. In contrast to the time- and concentration-dependent decrease in DKK1 mRNA levels after TNF-α treatment in MC3T3-E1 cells, DKK1 protein levels in these cells exhibited a time- and concentration-dependent increase upon TNF-α stimulation. As with the changes in DKK1 mRNA levels in primary calvarial osteoblasts, DKK1 protein levels in these cells also exhibited a time- and concentration-dependent increase. However, the extent of the increase in DKK1 protein levels upon TNF-α treatment was considerably lower than that in DKK1 mRNA levels ([Fig. 2A and B](#f2-mmr-22-02-1017){ref-type="fig"}).

### Regulatory effects of TNF-α treatment on DKK1 protein levels are mediated by NF-κB signaling

MC3T3-E1 cells and primary calvarial osteoblasts were treated with TNF-α and/or BAY 11-7082 for 48 h, with untreated cells serving as negative controls, followed by the determination of the mRNA and protein levels of DKK1. It was determined that BAY 11-7082 treatment partially reversed the regulatory effects of TNF-α on DKK1 mRNA levels in both MC3T3-E1 cells and the primary calvarial cells ([Fig. 3A](#f3-mmr-22-02-1017){ref-type="fig"}). In addition, BAY 11-7082 treatment completely reversed the positive effects of TNF-α on DKK1 protein levels in both osteoblast lineage cells ([Fig. 3B](#f3-mmr-22-02-1017){ref-type="fig"}).

### TNF-α treatment downregulates the expression of miR-335-5p via different molecular mechanisms in different osteoblast lineage cells

MC3T3-E1 cells and primary calvarial osteoblasts were then treated with TNF-α for different concentrations and duration and the levels of miR-335-5p were determined using RT-qPCR. In both MC3T3-E1 cells and primary calvarial osteoblasts, a time- and concentration-dependent decrease in miR-335-5p expression upon TNF-α stimulation was observed ([Fig. 4A and B](#f4-mmr-22-02-1017){ref-type="fig"}).

MC3T3-E1 cells and primary calvarial osteoblasts were then treated with TNF-α and/or BAY 11-7082 for 48 h, with untreated cells serving as negative controls, and the expression of miR-335-5p was evaluated. Notably, BAY 11-7082 treatment exhibited no effects on the expression of miR-335-5p in MC3T3-E1 cells, while completely reversing TNF-α-induced inhibition of miR-335-5p expression in the primary calvarial cells ([Fig. 4C](#f4-mmr-22-02-1017){ref-type="fig"}).

### TNF-α treatment exhibits no effects on the inhibitory action of miR-335-5p by targeting DKK1 3′UTR

MC3T3-E1 cells were then treated with TNF-α for different concentrations and duration, and the luciferase activities were determined using luciferase assays. The results demonstrated that the insertion of DKK1 3′UTR resulted in a \~30% reduction in the luciferase activity of MC3T3 cells. Furthermore, TNF-α treatment time- and concentration-dependently reversed the inhibitory effect of the DKK1 3′UTR insertion on luciferase activities ([Fig. 5A and B](#f5-mmr-22-02-1017){ref-type="fig"}).

pMIR-REPORT-DKK1 UTR and pRL-TK were then co-transfected into the MC3T3-E1 cells with the mmu-miR-335-5p mimic or mirVana™ miRNA Mimic Negative Control \#1. pMIR-REPORT and pRL-TK were also co-transfected into MC3T3-E1 cells with the mmu-miR-335-5p mimic or mirVana™ miRNA Mimic Negative Control \#1 to serve as controls. Following transfection, cells were treated with or without 15 ng/ml TNF-α for 48 h and the luciferase levels were determined as described above. Consistent with the results illustrated in [Fig. 5A and B](#f5-mmr-22-02-1017){ref-type="fig"}, the insertion of DKK1 3′UTR resulted in a \~30% decrease in the luciferase levels when compared with the corresponding control cells. The co-transfection of pMIR-REPORT-DKK1 UTR with the mmu-miR-335-5p mimic led to an additional 20% decrease in the luciferase levels, resulting in a total 50% decrease in the luciferase levels when compared with the control cells co-transfected with pMIR-REPORT and the mmu-miR-335-5p mimic. After 48 h of TNF-α treatment, although MC3T3-E1 cells transfected with pMIR-REPORT-DKK1 UTR exhibited a 20% decrease when compared with the control cells, no statistically significant difference was detected between these two groups. In addition, in the presence of TNF-α, the luciferase levels in MC3T3-E1 cells co-transfected with pMIR-REPORT-DKK1 UTR and the mmu-miR-335-5p mimic were 40% lower than those in the control cells co-transfected with pMIR-REPORT and the mmu-miR-335-5p mimic ([Fig. 5C](#f5-mmr-22-02-1017){ref-type="fig"}).

Following transient co-transfection with pMIR-REPORT- DKK1 UTR and the pRL-TK Vector, MC3T3-E1 cells were treated with or without 15 ng/ml TNF-α and/or 1 µM BAY 11-7082 for 48 h. MC3T3-E1 cells co-transfected with pMIR-REPORT and the pRL-TK Vector served as controls. Luciferase activities were determined using luciferase assays as aforementioned. It was determined that TNF-α treatment alone resulted in a 20%, but not a statistically significant, decrease in luciferase levels when compared with pMIR-REPORT-DKK1 UTR-transfected MC3T3-E1 cells with the control cells. By contrast, treatment with both TNF-α and BAY 11-7082 slightly enhanced the decrease in luciferase levels to 26%, which showed statistical significance, when compared with pMIR-REPORT-DKK1 UTR-transfected MC3T3-E1 cells with the control cells ([Fig. 5D](#f5-mmr-22-02-1017){ref-type="fig"}).

Discussion
==========

Bone-related inflammatory diseases are usually associated with impaired osteogenic differentiation and bone formation ([@b25-mmr-22-02-1017],[@b26-mmr-22-02-1017]). It is of great importance to investigate the underlying mechanisms and promote the development of novel therapeutic techniques. The present study focused on the changes in the regulatory effect of miR-335-5p on DKK1 in an inflammatory microenvironment. Due to their ability to differentiate into osteoblasts and because they are easy to manipulate, together with their homogeneity, MC3T3-E1 osteoblast-like cells have been widely used in the research on osteogenic differentiation and have provided useful information concerning the molecular mechanisms underlying the regulation of osteoblast differentiation ([@b27-mmr-22-02-1017],[@b28-mmr-22-02-1017]). However, established cell lines cannot truly reflect the *in vivo* biological characteristics. Based on these reasons, both MC3T3-E1 cells and primary calvarial cells were used in the present study.

TNF-α is the most potent proinflammatory cytokine ascribed to members of the TNF superfamily and has two different receptors: TNF receptor-1 (TNFR1) and TNF receptor-2 (TNFR2) ([@b29-mmr-22-02-1017],[@b30-mmr-22-02-1017]). TNFR2 is mainly expressed in immune cells, whereas TNFR1 is the functional receptor of TNF-α in both osteoblasts and osteoclasts ([@b31-mmr-22-02-1017]). On binding to TNFR1, TNF-α activates the IκB kinase complex, which in turn initiates the activation of NF-κB signaling to perform various biological and pathological functions ([@b19-mmr-22-02-1017]). Considerable research efforts have been devoted to the investigation of the molecular mechanisms underlying TNF-α-regulated bone metabolism ([@b32-mmr-22-02-1017]). In contrast to its effect on activating osteoclastogenesis and promoting bone loss, TNF-α possesses a biphasic and complicated role in the osteogenic differentiation of osteoprogenitor cells and bone formation ([@b33-mmr-22-02-1017],[@b34-mmr-22-02-1017]).

As a negative regulator of the canonical Wnt signaling pathway, DKK1 prevents the binding of Wnt proteins to LRP5/6 and therefore precludes the accumulation and nuclear translocation of β-catenin ([@b35-mmr-22-02-1017]) Evidence has also emerged indicating that DKK1 is involved in inflammation-mediated bone loss ([@b26-mmr-22-02-1017],[@b36-mmr-22-02-1017],[@b37-mmr-22-02-1017]). In TNF transgenic mice, neutralization of DKK1 using specific antibodies was revealed to protect bone from inflammatory damage ([@b38-mmr-22-02-1017]). TNF-α upregulated DKK1 both *in vitro* and *in vivo* to suppress osteogenic differentiation by inhibiting the canonical Wnt signaling pathway ([@b22-mmr-22-02-1017],[@b38-mmr-22-02-1017]). Consistent with these findings, the present study revealed that the protein levels of DKK1 were significantly enhanced by TNF-α treatment in MC3T3-E1 murine osteoblast-like cells and primary calvarial osteoblasts. In MC3T3-E1 cells, the mRNA levels of DKK1 exhibited a time- and concentration-dependent decrease by the stimulation of TNF-α. By contrast, the DKK1 mRNA levels in the primary calvarial osteoblasts were increased by TNF-α treatment, and the increase in the DKK1 mRNA levels after TNF-α treatment was more prominent compared with the DKK1 protein levels. One reason for the difference in DKK1 mRNA expression levels between these two cell types is that the transcriptional regulation of DKK1 may have been changed in MC3T3-E1 cells. Another possible reason is that MC3T3-E1 cells were isolated from the calvaria of C57BL/6 mice within 24 h after birth ([@b27-mmr-22-02-1017]), while the primary calvaria osteoblasts used in the present study were isolated from 4--6-day-old C57BL/6 mice. The difference in the developmental stages may also contribute the difference in gene expression. These findings demonstrated the existence of cell-specific molecular mechanisms underlying TNF-α-regulated biological processes. In addition, the post-transcriptional regulation played an important role in the control of DKK1 protein expression in an inflammatory environment. Notably, the results of the present study revealed that the post-transcriptional regulation of the DKK1 protein expression following TNF-α treatment was activated in MC3T3-E1 cells, while still suppressed in the primary calvarial osteoblasts.

As a widely accepted NF-kB inhibitor, BAY 11-7082 selectively inhibits nucleotide oligomerization domain-, leucine-rich repeat- and pyrin domain-containing protein 3 (NLRP3) inflammasome activity in macrophages independent of their inhibitory effect on NF-κB activity ([@b39-mmr-22-02-1017]). In fact, a two-step mechanism is necessary for NLRP3 activation. First, NLRP3 is transcriptionally upregulated by activated NF-κB signaling. Second, NLRP3 is activated via stimuli such as ATP, pore-forming toxins and reactive oxygen species. Once activated, NLRP3 forms a molecular platform and recruits the adaptor protein ASC, which eventually leads to the activation of procaspase-1 and the upregulation of active pro-inflammatory cytokines interleukin (IL)-1β and IL-18 ([@b39-mmr-22-02-1017]). Although NLRP3 is also affected by BAY 11-7082 treatment, it has been reported that in bone marrow mesenchymal stem cells and osteoblasts, NLRP3 acts downstream of canonical Wnt signaling and the Wnt antagonist, DKK1 ([@b40-mmr-22-02-1017]). In addition, although activated caspase-1 by NLRP3 activation triggers pyroptosis, which is a form of cell death, changes in cell survival/proliferation/apoptosis only have limited effect on the final results in the present study due to the application of various internal controls in all experiments. Indeed, BAY 11-7082 was still used as a potent inhibitor of NF-κB signaling in a number of studies ([@b7-mmr-22-02-1017]--[@b10-mmr-22-02-1017]). Based on these previous investigations, the present study also used BAY 11-7082 to inhibit TNF-α-activated NF-κB signaling.

BAY 11-7082 was then used to investigate the molecular mechanisms underlying TNF-α-regulated DKK1 mRNA and protein expression. It was revealed that in both MC3T3-E1 cells and the primary calvarial osteoblasts, BAY 11-7082 partially reversed the effects of TNF-α on DKK1 mRNA expression, while completely reversing the effects of TNF-α on DKK1 protein expression. In addition to NF-κB signaling, TNF-α has also been demonstrated to activate p38, ERK1/2, and JNK1/2 mitogen-activated protein kinase (MAPK) signaling pathways ([@b41-mmr-22-02-1017]). Furthermore, although TNF-α and BMP-2 have been revealed to activate p38 and ERK1/2 signaling pathways, the p38 and ERK1/2 signaling activated by TNF-α and BMP-2 have opposing roles in regulating osteoblastic differentiation ([@b41-mmr-22-02-1017]). Together with these previous findings, the results of the present study indicated that in addition to the canonical NF-κB signaling, other signaling pathways such as the MAPK signaling pathways also participate in TNF-α-induced regulation of the DKK1 mRNA expression. However, NF-κB signaling plays a pivotal role in TNF-α-induced regulation of the DKK1 protein expression.

A previous study reported that miR-335-5p post-transcriptionally downregulates the protein level of DKK1 by specifically binding to the 3′UTR of the DKK1 mRNA, and thus activating Wnt signaling and promoting osteogenic differentiation in a cell- and developmental stage-specific way ([@b13-mmr-22-02-1017]). To investigate the role of TNF-α in the post-transcriptional regulation of DKK1 by miR-335-5p, the expression levels of miR-335-5p upon TNF-α stimulation were first determined. It was revealed that in both MC3T3-E1 cells and the primary calvarial osteoblasts, the expression levels of miR-335-5p exhibited a time- and concentration-dependent decrease after TNF-α treatment. Further investigation revealed that inhibition of the NF-κB signaling via BAY 11-7082 treatment in MC3T3-E1 cells exhibited no effect on TNF-α-mediated downregulation of miR-335-5p in these cells, demonstrating that the inhibitory effect of TNF-α on the expression of miR-335-5p in MC3T3-E1 cells was not mediated by NF-κB signaling. Considering that the positive effect of TNF-α on DKK1 protein expression in MC3T3-E1 cells is completely reversed by BAY 11-7082 treatment, it can be hypothesized that the decreased expression of miR-335-5p in MC3T3-E1 cells, probably induced by TNF-α-activated MAPK signaling pathways, has limited effects on the regulation of DKK1 protein expression in these cells. By contrast, BAY 11-7082 treatment in the primary calvarial cells fully reversed the inhibitory effect of TNF-α on miR-335-5p expression. As aforementioned, upon BAY 11-7082 treatment the enhanced DKK1 protein expression after TNF-α treatment was completely reversed in the primary calvarial osteoblasts. Therefore it can be concluded that following TNF-α treatment, the final upregulation of DKK1 protein expression in the primary calvarial osteoblasts was not only based on the predominantly increased DKK1 mRNA level, but also the results of the compromised post-transcriptional inhibition due to, at least partly, the downregulated miR-335-5p expression.

As aforementioned, the decreased miR-335-5p level induced by TNF-α treatment in MC3T3-E1 cells exhibited limited positive effects on DKK1 protein levels, which contradicts a previous study revealing that miR-335-5p specifically and post-transcriptionally inhibited DKK1 protein expression ([@b13-mmr-22-02-1017]). To investigate whether the inhibitory effect of miR-335-5p on DKK1 protein expression by binding to DKK1 3′UTR is compromised in MC3T3-E1 cells after TNF-α treatment, pMIR-REPORT-DKK1 UTR encoding the 3′UTR of DKK1 was transiently transfected into MC3T3-E1 cells and the changes in luciferase levels upon TNF-α stimulation were evaluated. It was determined that TNF-α treatment time- and concentration-dependently reversed the inhibitory effects of the insertion of DKK1 3′UTR. Exogenous miR-335-5p was then co-transfected with pMIR-REPORT-DKK1 UTR into the MC3T3-E1 cells. With or without TNF-α treatment, the exogenous miR-335-5p resulted in an additional \~20% decrease in luciferase levels. These results indicated that in MC3T3-E1 cells, the binding and inhibitory effect of miR-335-5p on DKK1 3′UTR was intact following TNF-α treatment. In addition, the effect of TNF-α treatment on DKK1 3′UTR was mainly achieved by regulating the expression levels of endogenous miRNAs specifically targeting DKK1 3′UTR. Further studies should be performed to investigate the mechanisms underlying the compromised inhibitory effect of miR-335-5p on DKK1 expression in MC3T3-E1 cells after TNF-α treatment.

In conclusion, although TNF-α treatment exhibited cell-specific effects on DKK1 mRNA expression, the stimulation of TNF-α time- and concentration-dependently upregulated the protein levels of DKK1, indicating the important role of post-transcriptional regulation during this biological process. In the primary calvarial osteoblasts, the predominantly increased DKK1 mRNA level and the compromised post-transcriptional inhibition by specific miRNAs such as miR-335-5p both participated in the enhanced expression of DKK1 induced by TNF-α treatment. By contrast, the post-transcriptional regulation served a pivotal role in TNF-α-stimulated DKK1 expression in MC3T3-E1 cells; the molecular mechanisms underlying this post-transcriptional regulation is more complex and requires further investigation in the future. The results of the present study provide insight into the molecular mechanisms underlying osteogenic differentiation in bone-related inflammatory diseases. Furthermore, they could aid researchers in finding a potential pharmaceutical target to treat bone-related inflammatory diseases.
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![DKK1 mRNA levels in MC3T3-E1 cells and primary calvarial osteoblasts treated with TNF-α. (A) DKK1 mRNA levels in MC3T3-E1 cells and primary calvarial osteoblasts treated with 15 ng/ml TNF-α for 0, 12, 24 and 48 h. \*P\<0.05 vs. the 0-h group, n=3. (B) DKK1 mRNA levels in MC3T3-E1 cells and primary calvarial osteoblasts treated with 0, 15 and 50 ng/ml TNF-α for 48 h. \*P\<0.05 vs. the 0-ng/ml group, n=3. DKK1, Dickkopf WNT signaling pathway inhibitor 1; TNF-α, tumor necrosis factor-α.](MMR-22-02-1017-g00){#f1-mmr-22-02-1017}

![DKK1 protein levels in MC3T3-E1 cells and primary calvarial osteoblasts treated with TNF-α. (A) Protein levels of DKK1 in MC3T3-E1 cells and primary calvarial osteoblasts treated with 15 ng/ml TNF-α for 0, 12, 24 and 48 h. \*P\<0.05 vs. the 0-h group, n=3. (B) Protein levels of DKK1 in MC3T3-E1 cells and primary calvarial osteoblasts treated with 0, 15 and 50 ng/ml TNF-α for 48 h. \*P\<0.05 vs. the 0-ng/ml group, n=3. DKK1, Dickkopf WNT signaling pathway inhibitor 1; TNF-α, tumor necrosis factor-α.](MMR-22-02-1017-g01){#f2-mmr-22-02-1017}

![Role of the NF-κB signaling pathway in mediating TNF-α-regulated expression of DKK1 in MC3T3-E1 cells and primary calvarial osteoblasts. MC3T3-E1 cells and primary calvarial osteoblasts were treated with 15 ng/ml TNF-α and/or 1 µM BAY 11-7082 for 48 h, and the untreated cells served as controls. The DKK1 (A) mRNA levels and (B) protein levels in these cells were determined. \*P\<0.05 vs. the Control group; ^\#^P\<0.05 vs. the TNF-α group; ^&^P\<0.05 vs. the TNF-α + BAY 11-7082 group, n=3. TNF-α, tumor necrosis factor-α; DKK1, Dickkopf WNT signaling pathway inhibitor 1.](MMR-22-02-1017-g02){#f3-mmr-22-02-1017}

![Effects of TNF-α treatment on the expression of miR-335-5p in MC3T3-E1 cells and primary calvarial osteoblasts. (A) Levels of miR-335-5p in MC3T3-E1 cells and primary calvarial osteoblasts treated with 15 ng/ml TNF-α for 0, 12, 24 and 48 h. \*P\<0.05, vs. the 0-h group, n=3. (B) Levels of miR-335-5p in MC3T3-E1 cells and primary calvarial osteoblasts treated with 0, 15 and 50 ng/ml TNF-α for 48 h. \*P\<0.05 vs. the 0-ng/ml group, n=3. (C) MC3T3-E1 cells and primary calvarial osteoblasts were treated with 15 ng/ml TNF-α and/or 1 µM BAY 11-7082 for 48 h, and the untreated cells served as controls. Levels of miR-335-5p in these cells were determined. \*P\<0.05 vs. Control group; ^\#^P\<0.05 vs. TNF-α group; ^&^P\<0.05 vs. TNF-α + BAY 11-7082 group, n=3. TNF-α, tumor necrosis factor-α; miR, microRNA.](MMR-22-02-1017-g03){#f4-mmr-22-02-1017}

![TNF-α treatment exhibits no effects on the inhibitory action of miR-335-5p via targeting of DKK1 3′UTR. MC3T3-E1 cells were co-transfected with pMIR-REPORT-DKK1 UTR and pRL-TK Vector, and cells co-transfected with pMIR-REPORT and pRL-TK served as controls. (A) Transfected MC3T3-E1 cells were treated with 15 ng/ml TNF-α for 0, 12, 24 and 48 h, and the luciferase levels were determined. \*P\<0.05 vs. the pMIR-REPORT group, n=3. (B) Transfected MC3T3-E1 cells were treated with 0, 15 and 50 ng/ml TNF-α for 48 h, and the luciferase levels were determined. \*P\<0.05, vs. the pMIR-REPORT group, n=3. (C) mmu-miR-335-5p mimic or mirVana™ miRNA Mimic Negative Control \#1 were transfected into the MC3T3-E1 cells concurrently, and the luciferase levels were determined. The transfected cells were treated with or without 15 ng/ml TNF-α for 48 h. The luciferase levels were determined. \*P\<0.05, vs. the pMIR-REPORT group, n=3. mimic NC= miRNA Mimic negative Control. (D) Transfected MC3T3-E1 cells were treated with or without 15 ng/ml TNF-α and/or 1 µM BAY 11-7082 for 48 h. \*P\<0.05 vs. the pMIR-REPORT group, n=3. TNF-α, tumor necrosis factor-α; miR, microRNA; DKK1, Dickkopf WNT signaling pathway inhibitor 1.](MMR-22-02-1017-g04){#f5-mmr-22-02-1017}
